Escherichia coli, grown for a generation after the addition of ['4C]uracil and for one minute after a pulse of [3H]uracil, were lysed in the presence of 6 mM Mg++, and divided into a 30,000 X g "supernatant" and sediment. The sediment was resuspended in buffer containing no divalent cations, and again centrifuged to give the "Mg++ sediment" and the remaining "sediment". 
Previous work (1) has shown that the RNA of bacteriophage MS2 is synthesized on a rapidly sedimenting cell fraction that has many of the characteristics of membrane. Experiments with uninfected cells showed that ribosomal precursor particles appeared in the same cell fraction. In this work, the appearance of E. coli ribosomal precursor RNA in a rapidly sedimenting cell fraction is demonstrated. Ribosomal precursor RNA remains with this fraction when divalent cations are removed. This suggests that synthesis of MS2 RNA and ribosomal RNA occurs at similar or identical sites and that these sites are associated with cell membrane.
MATERIALS AND METHODS
Bacteria and growth medium were described (1) .
Buffers. TKA is 10 mM Tris (pH8)-40 mM KCl-10 mM NaN3. TMKA is TKA plus 6 mM MgCl2. TMKAS is TMKA plus 40 mM Na2SO4.
Detergents. The following detergents were used: sodium deoxycholate, sodium dodecyl sulfate, Sarkosyl NL 97 (sodium lauryl sarcosinate), Triton X-200 (sodium alkylaryl polyether sulfonate), Triton X-400 (stearyl-dimethylbenzylammonium chloride), Triton X-100 (alkylaryl polyether alcohol), Brij 58 (polyoxyethylenecetyl ether), Nonidet P-40 (p-octylphenol ethoxylate), Tween 80 (polyoxyethylene sorbitan monooleate), and digitonin.
Lysis and Fractionation of Lysate. Harvesting and lysis of the cells by the lysozyme freeze-thaw method was previously described (1) . In brief, cells were chilled, centrifuged, and resuspended in buffer at a concentration of at least 2 X 1010 cells/ml. Lysozyme, 1 mg/ml, was added, and after 3 min the cells were frozen and thawed twice. DNase, 10 ug/ml, was added; 10 min after the addition of DNase, the lysate was centrifuged at 13,000 X g for 10 min. The sediment was re-435 suspended in 0.01 M Tris (pH 8)-6 mM magnesium acetate or in TMKA (1.5 times the volume of the original lysate), and centrifuged at 30,000 X g for 15 min. This step was repeated and the supernatants were combined to give the "supernatant."
The sediment was then resuspended in 0.01 M Tris (pH 8) or TKA and centrifuged at 30,000 X g for 15 min. This step was repeated twice and the supernatants combined. This yields the RNA-containing structures that are bound to the sediment in the presence of Mg++ and are called "Mg++ sediment." In some experiments, if the glass centrifuge tube was viewed against a black background, a faint opalescence could be seen near the bottom of the tube. In this case, the supernatant and Mg++ sediment were recentrifuged at 30,000 X g for 30 min and the upper 2/3 of the solution was used for RNA extraction.
The remaining sediment was resuspended in 0.01 M Tris (pH 8) to give the "sediment." In some cases, the sediment was layered on successive layers of 8 ml of 40% (w/v) sucrose, 16 ml of 50% sucrose, and 12 ml of 70% sucrose, and centrifuged overnight at 23,000 rpm in the Spinco SW-27 rotor at 50C. The interface between 50 and 70% sucrose was collected.
Extraction of RNA. After l/lo volume of 5% sodium dodecyl sulfate was added to the sample, the RNA was extracted by the method of Kirby (2) .
Electrophoresis. The method of Summers (3) was used to prepare 2.7% acrylamide-0.5% agarose gels. The 4.1% gels were prepared by the method of Loening (4) . Buffer G (3) was used in both cases. Electrophoresis was at room temperature at a constant current of 5 mA per gel; the voltage was about 6 V/cm. After electrophoresis, the gels were sliced into 1-mm slices, dissolved, and counted.
Electron Microscopy. Pellets of membrane were fixed and embedded as described by Terry, Engelman, and Morowitz (5) .
RESULTS
When E. coli spheroplasts are lysed and centrifuged in buffer containing 6 mM Mg++, part of the bacterial RNA is found associated with the low-speed sediment. The "total sediment" consists of material releasable by washing with buffer con--taining no divalent cations, "Mg++ sediment," and the remaining "sediment." If the stable RNA in a culture is labeled with [14C]uracil, and then the culture pulsed with [3H]uracil for 1 min, the ratio of 1H to '4C in the supernatant RNA was. 1/6 to '/lo that of the sediment RNA; and the ratio of 3H to 4C in the Mg++ sediment RNA is 1/2 to 1/6 that of the sedi- To further investigate the binding of the RNA with the sediment, aliquots of the sediment were resuspended in different reagents and again centrifuged. Table 2 shows that urea and sodium deoxycholate both free RNA from the sediment (or dissolve the structure in the sediment to which the RNA is attached). The amount of RNA released from the sediment by different detergents was compared. Table 3 shows that the nonionic detergents are, as a group, less efficient than the anionic detergents, although there is consid- there was a visible precipitate and RNA was not released into the supernatant.
Since detergent and urea treatment prevent RNA from sedimenting, it seems likely that the RNA-binding site is on membrane. Examination of the sediment with the electron microscope shows predominantly membrane (Figs. 1 and 2 ). The micrographs demonstrate that the sediment contain both cytoplasmic and L membrane and are consistent with the interpretation that the sediment consists mainly of membrane and that membrane is the structure to which the RNA is bound. The membranes isolated in 6 mM Mlg++ have ribosomes attached (Fig. 1) . When the membranes are washed in buffer containing no Mg++ (Fig. 2) , most of the ribosomes are released, although a few appear to be trapped.
The sediment contains variable amounts of stable RNA, which is probably due to trapping. In those experiments where stable RNA was almost absent, the pulse-labeled RNA still remained in the sediment. The amount of sediment contaminating the supernatant is always very low. This is shown by the fact that after very short times of labeling, there is hardly any ribosomal precursor RNA (see below) or MS2 RNA (1) present in the supernatant. Further, on the assumption that the important structure in the sediment is membrane, cells were labeled with [2-3H ]glycerol and fractionated. Less than 5% of the glycerol appeared in the supernatant; the rest was in the sediment. Therefore, trapping of the supernatant in the sediment only serves to make the ratio of recently labeled (3H) to stable ("4C) RNA in the sediment appear to be lower than it really is. To make sure that the trapping in the sediment is nonspecific, supernatant, sediment that had been treated with deoxycholate and then dialyzed, and RNA extracted from an unfractionated lysate were added to unlabeled cells which were lysed and fractionated. The results are shown in Table 4 , and show no indication that the trapping is specific for recently labeled RNA.
Adesnik and Levinthal (6) have shown that E. coli ribosomal RNA has precursors with electrophoretic mobility slightly less than that of the mature form. Since the high ratio of newly made to stable RNA in the sediment suggests that the bulk of RNA is made there, experiments were undertaken to determine where the ribosomal precursors appeared. RNA was extracted from the supernatant, the Mg++ sediment, and the sediment of a culture that was labeled with [4C ]uracil in the stable RNA and incubated for 2 min with
[3H]uracil. Fig. 3 shows the electrophoretic patterns of these RNAs. The 8 pCi/ml and 18 pg/ml, was added to E. coli which was grown for 1.5 doublings to 3 X 108 cells/ml. [3H]uracil, 0.5 jiCi/ml and 2.7 pg/ml, was added; after 2 min the culture was harvested, lysed, and fractionated. RNA was isolated from the different fractions and electrophoresed on gels of 2.7% acrylamide and 0.5% agarose for 4 hr. The gel slices were dissolved with H202. The sediment contains, in addition to the precursor RNA, RNAs with mobility less than that of 23S RNA. These RNAs are present in greater amounts than usual in this particular experiment. Electrophoresis for longer time does not reveal a significant amount of RNA of still lower mobility. If the RNA is treated with RNase, 100 ,ug/ml, for 20 min at 0°C prior to electrophoresis, none of the labeled species are seen. The possibility has not been eliminated that the RNAs with low mobility are aggregates of smaller RNAs, although this would not be expected since the amount of RNA from the sediment put on the gel was less than that from the other two fractions. Likewise, the possibility has not been eliminated that the release of the RNA from cell-membrane components may be incomplete even after phenol and sodium dodecyl sulfate treatment. If the mobility is a direct reflection of the size of the RNA, then the largest RNA has a molecular weight of 2.8 X 106 as estimated by the method of Bishop, Claybrook, and Spiegelman (7). If RNA extracted from sediment is centrifuged on a sucrose gradient, several RNAs with sedimentation coefficients greater than 23S are seen. The largest has a sedimentation coefficient estimated to be 35S, which is consistent with a molecular weight in the range of 2.8 X 106. This is large enough to allow this RNA to be the precursor to both ribosomal RNAs and thus to be the bacterial equivalent of the mammalian 45S RNA.
Since the ribosomal precursor RNA is associated with sediment after 2 min of labeling, the question arises, does it leave the sediment before or after maturation. To answer the question, a culture was labeled with [3H]uracil at high specific activity, so the label was all incorporated by 2 min. One- [14C]uracil, 10 pCi/ml and 21 pg/ml, was added to E. coli, which was incubated for 1.5 generations.
[3H]uracil, 0.5 jCi/ml and 2.7 pg/ml, was added, and 2 min later one-third of the culture was harvested. Uracil, 250 jg/ml, was added to the remainder and one-third was harvested after an additional 2 min, and the last one-third after an additional 6 min. The parts of the culture were lysed in TMKAS, fractionated, and the sediment was centrifuged on sucrose layers as described in Methods. RNA was isolated from the different fractions and electrophoresed on 4.1% gels for 12 hr. The gel slices were dissolved with sodium dodecyl sulfate and scintillation fluid containing Triton X-100. (a) 2-min pulse supernatant. After a 2-min chase there is still a considerable amount of 17S precursor present in the sediment, but some has moved into the supernatant. The Mg++ sediment contains 16.5S RNA but no 17S. After a 6-min chase (not shown) there is only a small fraction of 17S RNA left, and it is still distributed between the supernatant and sediment, with a considerably greater amount in the sediment. This suggests that the ribosomal RNA precursor is released from its original site before maturation, but that it reaches the Mg++ sediment only after maturation.
DISCUSSION
Consistent with the fact that ribosomal RNA precursors first appear on a rapidly sedimenting cell fraction thought to be membrane are the observations that precursors to ribosomal subunits are found on total sediment (Mg++ sediment and sediment) (1) and, more specifically, that ribosomal subunit precursors can be found on membrane isolated in low Mg++ (9) . The most likely explanation for these observations is that the ribosomal RNA precursor is synthesized on cell membrane. This implies that RNA polymerase is functioning on or near membrane. At present there are no data on what composes the membrane site or how long a stretch of the RNA is bound, but binding of the RNA growing point to a membrane-associated factor or subunit belonging to the RNA polymerase would be consistent with the data.
Within the framework of available data there are several possible explanations for compartmentation of RNA between Mg++ membrane and supernatant. (1) Organization of polysomes could occur on membrane as has been suggested for MS2 RNA (1). This is also implied in a model that assumes that messenger is synthesized on a membrane-DNA complex (10) , and that during synthesis messenger RNA is forming polysomes. (2) There could be different classes of ribosomes or messenger in the Mg++ membrane and supernatant. Thus, in Streptococcus faecalis cytoplasmic 50S ribosomal subunits contain a protein not present in membrane-bound 50S ribosomal subunits (11) . In Bacillus cereus, Aronson found a stable mRNA which he believed to be involved in the synthesis of the structural proteins of spores and which was membrane bound (12) .
There is evidence that ribosomal protein associates with ribosomal RNA while it is being synthesized (14) . This suggests that the initial step of ribosomal assembly may occur on membrane. The low solubility of ribosomal proteins in aqueous solution is consistent with this idea. Since ribosomal RNA synthesis (and ribosomal assembly) can occur in vitro, the presence of membrane does not seem an absolute requirement. A membrane provides a surface that can adsorb precursors, and provides the possibility for a range of cooperative effects. Some of the possible microenvironmental effects on an enzyme bound to a lipoprotein membrane have been described by Silman (14) . Thus, organization on the membrane may account for the far greater efficiency found in the in vivo situation.
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